Introduction
Northern peatlands play a unique role in the terrestrial carbon cycle.
Although the aboveground net primary productivity (ANPP)of northern peatlands is lower than the ANPP of other northern ecosystems because of saturated manuscript, 1997) ]. We (1)develop linear and curvilinear relationships between photosynthetic photon flux density (PPFD) and NEE for northern peatlands, (2) explore differences between peatland classes (bog, poor fen, and rich fen), and (3) compare these results to the aggregated forest, grassland, and cropland relationships developed by Ruimy et al. [1995] .
These data and analyses can contribute to improved characterization of northern peatlands in general ecosystem models.
Global-scale models will be able to use the relationships developed to help parameterize a peatland ecosystem class with characteristics distinct from those of upland ecosystem classes. This work can also contribute to the development of a peatland ecosystem model; such a model could be used to extrapolate measured peatland carbon fluxes to the northern landscape and also to explore the sensitivity of peatland carbon balances to climate variability and change.
Site Descriptions
NEE-PAR data were collected from six peatland sites in North America and one site in Sweden (Table 1) The peatlands in this study area are located along a successional gradient from a coastal fen (youngest) to interior fen to bog (oldest) [Whiting, 1994] . Both fens are dominated by the brown moss Scorpidium scorpioides (Hedw.) Limpr. in the wettest locations. The fen vascular plant communities are composed of sedges (Carex spp. and Scirpus spp.), horsetail (Equisetum spp.), and buckbean (Menyanthes trifoliata). With the exception of degrading pools, the interior bog is drier than the fens. Bog plant communities are characterized by lichen (Cladina spp.), ericaceous shrubs and Sphagnum mosses.
Data Sets
Net ecosystem exchange of CO2 (NEE) was measured by a variety of clear chamber techniques in six of the seven study sites and by eddy-covariance instruments mounted on a micrometeorological tower at two of the sites. All of the chamber studies used clear, closed chambers placed into collars that were inserted into the peat to prevent disturbance and to create an airtight seal. Some form of climate-control system was used in all but one of the studies to minimize changes in air temperature and relative humidity inside the chamber during the sampling period. Closed-path CO2 sensors (infrared gas analyzers) measured the changes in CO2 concentration within the chambers. The methodology is described in detail by Whiting et al. [1992] .
In the chamber studies, 
Curve Fitting
Net ecosystem productivity equals gross productivity minus ecosystem respiration. Gross productivity will be a function of incident PAR. This functionality is often represented by a rectangular hyperbola [e.g., Thornley and Johnson, 1990] , where there is a near-linear increase in productivity at low light levels and an asymptotic approach to a maximum productivity at high light levels.
Plant maintenance respiration and heterotrophic respiration in the soil vary with air and soil temperature [Amthor, 1994] , and should correspond to irradiance only indirectly through associated heating, with temperatures often lagging irradiance. Fitting a rectangular hyperbola to the NEE-PPFD relationship implicitly assumes that plant maintenance and heterotrophic respiration are uncorrelated with PPFD and that mean ecosystem respiration is equivalent to measured dark respiration. We used the general curve-fitting routine in Kalaidegraph ( 
Comparison by Measurement Method
We found little difference in the NEE-PPFD relationship between chamber and tower measurements at the BOREAS northern site (Figure 2 and Table 2 ). For the chamber data set from the rich fen (site l e), the aggregated chamber data set (sites la-le), and for the tower data set, the rectangular hyperbola generated a better fit (higher r•), and the departure from linearity ranged from 0.08 (tower) to 0.11 (aggregated chamber data) ( Table 2 ).
The timing of total ecosystem respiration and low-light productivity measurements was different for the two measurement methods. All tower "dark" measurements were at night; all chamber "dark" measurements were at midday with an opaque shroud in place for about 2-15 min. Rectangular hyperbola curve fits were made to aggregated fen tower data and chamber data ( Table 2 ). 
Site-by-Site Comparison
All five bog sites had low and comparable rates of mean ecosystem respiration (R) and peak ecosystem productivity (NEEc•p) ( Table 2 and Figure 3a) . The rich fen sites in Manitoba (site l e) and Saskatchewan (site 2) had much higher values of NEEo• than the bogs ( Table 2 ). The mean ecosystem respiration rate for site l e, measured by chambers, was also much higher than the bog rates (all measured by chambers). The mean ecosystem respiration rate for site 2, measured by the tower, was lower than the chamber rich fen value; this is probably due, at least in part, to the numerous nighttime measurements in the tower data set, which would represent cooler temperatures on average. The rich fens in the Hudson Bay lowlands (sites 7a and 7b) had significantly lower rates for
R and NEE•p than the other rich fen sites (Table 2 and Figure 3b). The Hudson Bay lowlands rich fens data were very similar to the bog class. Poor fens represent an intermediate peatland class, and their NEE-PPFD relationships were also intermediate (Table 2). The poor fen in the Experimental Lakes Area peatland (Site 6d) was very bog-like, while the other poor fens
(sites lc, ld, and 5) were much more similar in behavior to the two BOREAS rich fens (Table 2) . Though all the poor fens were $phagnum-dominated, the poor fens at sites 1 c, 1 d, and 5 had much greater sedge biomass than the poor fen at site 6d.
Comparisons by Peatland Class
The NEE-PPFD data were aggregated into three peatland classes: bogs (all bog data), poor fens (all poor fen data), and rich fens (sites le and 2 only; Hudson Bay lowlands rich fen data excluded). All three aggregated data sets were fit with a rectangular hyperbola (Figure 4) . The curve fit parameters (o•, P ..... and R) were not significantly different for poor and rich fens, but all were significantly lower for bogs (Table 3 ). NEEc• p was similar for poor and rich fens (6.5 and 6.9 gmol m -2 s -l, respectively), and was almost 3 times lower for bogs (2.5 gmol m '2 s -•) ( Table 3 ). The mean ecosystem respiration (R) rate was also significantly lower for bogs than for poor and rich fens. Low pH and nutrient supply appear to retard respiration as well as photosynthesis in bog environments; more recalcitrant litter quality in bogs will also reduce respiration rates. The ability to fix CO2 at low light was similar for all three peatland types, suggesting that they all utilize light similarly at very low PAR levels (o•, Tables 2 and  3) . A similar initial slope and lower asymptote indicates that bog productivity saturates at lower light levels than fen productivity.
The rich fen and poor fen data were combined into a single fen class, with and without the Hudson Bay lowlands rich fens; this data set included the BOREAS NSA tower (site 1), which sampled a mixture of peatland classes but is dominated by fens. The NEE-PPFD relationship for fens was intermediate to the relationships for poor and rich fens (Table 3) , except for ecosystem respiration, which was elevated by inclusion of the site 1 tower data ( Table 2) . Inclusion of Hudson Bay lowlands rich fens made the fen relationship more bog-like (Table 3) .
Aggregated Data Set and Comparison to Other Ecosystems
As an ecotype, northern peatlands are distinctly different from the forest, grassland, and cropland classes presented in the review of Ruimy et al. [1995] . As a single aggregated data set, northern peatlands had both significantly lower productivity at high PPFD levels and lower apparent quantum yield at low light than cropland and forest ecosystems and the aggregated upland data set (grassland plus forest plus cropland) ( Figure 5 and Table 3 In comparing NEE-PPFD relationships for tower and chamber data, two anticipated differences were not found. First, the departure from linearity for tower and chamber data were very similar (Table 2) Table 2 ). The tower data probably represents some average of the five chamber data sets, each weighted by the fractional area it occupies in the time-varying tower sample footprint.
Second, there was little apparent difference between mean seasonal ecosystem respiration for aggregated fen data sets as measured by the towers (all "dark" measurements made at night) and the chambers (all "dark" measurements made near midday) (Table 3) . We anticipated differences due to temperature (cooler at night at 10 cm in soil if the water table was below 10 cm) which would lead to higher respiration rates for the chamber measurements, and also to "acclimatization" differences.
The chamber dark measurements were made on vegetation that had been photosynthesizing in full light and was shrouded in darkness for only a few minutes before the measurements were made, while the tower dark measurements were made on plants that were under "natural" dark conditions during the night. This comparison could not be made for bogs as no tower data were collected. (Table 3) . Figure 5. NEE-PPFD relationships for all northern peatland sites (this study)and for three major upland ecosystems [Ruimy et al., 1995] . The lines represent rectangular hyperbolic curves fit to the four data sets (see Table 3 for parameters and goodness of fit data). Only northern peatland data points are shown. Northern peatlands have significantly lower productivity levels at moderate to high light than the upland ecosystems and lower ecosystem dark respiration rates. temperatures do not appear to be very useful in explaining differences in the NEE-PPFD relationship among sites (Tables  1 and 2 forests' peak ecosystem productivity (NEE.w)for peatlands is also much lower than the values for the three upland ecosystems (Table 3) [Ruimy et al., 1995] . To accurately represent peatland landscapes in regional and global-scale ecosystem and climate models, it will be essential to develop appropriate algorithms and parameterizations describing Finally, the waterlogged nature of peat soils and the presence of an insulating moss surface often keep the summer temperatures cool (4 ø to 10øC) at depths of 0.5 to 1 m, further slowing the rate of peat decomposition.
Sphagnum
In conclusion, we are convinced that northern peatlands, because of their ubiquitous nature and large carbon stores, are an important component of the global carbon cycle. Whether aggregated into a single group or separated into bog and fen classes, the NEE-PPFD relationships for northern peatlands are significantly different than those for the upland systems. Within peatland types, differences in phenology and productivity obscure any finer classification. These NEE-PPFD relationships can be used to parameterize productivity functions for bog and fen landscape classes in global carbon cycle models.
There is a need to develop landscape classification algorithms for high-resolution remote sensing instruments so that the spatial distribution of northern peatlands can be determined.
